Combinatorial targeted therapies are more effective in treating cancer by blocking by-pass mechanisms or inducing synthetic lethality. However, their clinical application is hampered by resistance and toxicity. To meet this important challenge, we developed and tested a novel concept of biomarker-guided sequential applications of various targeted therapies using ErbB2-overexpressing/PTEN-low, highly aggressive breast cancer as our model. Strikingly, sustained activation of ErbB2 and downstream pathways drives trastuzumab resistance in both PTEN-low/ trastuzumab-resistant breast cancers from patients and mammary tumors with intratumoral heterogeneity from genetically-engineered mice. Although lapatinib initially inhibited trastuzumab-resistant mouse tumors, tumors bypassed the inhibition by activating the PI3K/mTOR signaling network as shown by the quantitative protein arrays. Interestingly, activation of the mTOR pathway was also observed in neoadjuvant lapatinib-treated patients manifesting lapatinib resistance. Trastuzumab + lapatinib resistance was effectively overcome by sequential application of a PI3K/mTOR dual kinase inhibitor (BEZ235) with no significant toxicity. However, our p-RTK array analysis demonstrated that BEZ235 treatment led to increased ErbB2 expression and phosphorylation in genetically-engineered mouse tumors and in 3-D, but not 2-D, culture, leading to BEZ235 resistance. Mechanistically, we identified ErbB2 protein stabilization and activation as a novel mechanism of BEZ235 resistance, which was reversed by subsequent treatment with lapatinib + BEZ235 combination. Remarkably, this sequential application of targeted therapies guided by biomarker changes in the tumors rapidly evolving resistance doubled the life-span of mice bearing exceedingly aggressive tumors. This fundamentally novel approach of using targeted therapies in a sequential order can effectively target and reprogram the signaling networks in cancers evolving resistance during treatment.
Introduction
In the era of personalized medicine, targeted cancer therapies have improved the clinical outcome in many cancer types including breast cancer. Almost 20% of breast cancers overexpress the HER2/ErbB2 receptor tyrosine kinase (RTK) [1] . Trastuzumab (also named Herceptin), a humanized monoclonal antibody against the extracellular domain of HER2/ErbB2 [2] , has been revolutionary in treating patients with ErbB2-overexpressing tumors in neoadjuvant [3] , adjuvant [4] and metastatic settings [5] . After the success of trastuzumab, other drugs www.cell-research.com | Cell Research Ozgur Sahin et al. 543
npg have been developed to target ErbB2 (e.g., pertuzumab, T-DM1) or to other members of the ErbB family of receptors (e.g., EGFR). Similarly, lapatinib, a dual tyrosine kinase inhibitor which targets the ATP-binding pockets of both ErbB2 and EGFR, has been approved by the FDA for treating ErbB2-overexpressing, trastuzumab-refractory breast cancers [6] . However, a major obstacle in the clinic for the success of trastuzumab and these other targeted agents is primary (or de novo) and secondary (or acquired) resistance. Therefore, it is essential to identify biomarkers and mechanisms of resistance to select subpopulations of patients who are likely responders and to develop new regimens or agents that target resistance pathways to reverse resistance. Various mechanisms of resistance have been proposed for both de novo and acquired trastuzumab resistance, e.g., activation of other RTKs (e.g., ErbB3 or IGF-1R), steric hindrance of ErbB2-trastuzumab interaction by glycoproteins (e.g., MUC4), inhibition of trastuzumab binding to ErbB2 by cleavage of ErbB2 extracellular domain (p95ErbB2) and activation of PI3K pathway or SRC [7, 8] . We previously demonstrated that loss of the phosphatase and tensin homolog (PTEN), a negative regulator of the PI3K/AKT pathway, confers de novo trastuzumab resistance in ErbB2-overexpressing breast cancer [9] . Later, PTEN was identified to be the only modulator of trastuzumab response in an RNA interference-based functional screen for genes involved in trastuzumab resistance in breast cancer [10] . Importantly, the tumor suppressor PTEN could be lost in up to 50% of breast cancers due to mutations, loss of heterozygosity or epigenetic modifications [11] . PTEN deficiency accelerates the development of multifocal and highly metastatic mammary tumors with ErbB2/neu overexpression in mice [12] and the resulting tumors are highly aggressive and refractory to treatment with trastuzumab [13] . Therefore, novel therapies are urgently needed to overcome trastuzumab resistance in this patient subpopulation having highly aggressive disease.
To this end, combinatorial targeted therapies hold great promise through blocking the potential by-pass mechanisms or inducing synthetic lethality. We have recently shown that targeting SRC, a key node in the trastuzumab resistance network, by a SRC inhibitor (saracatinib) in combination with trastuzumab overcomes trastuzumab resistance from multiple resistance mechanisms, including PTEN loss [14] . Additionally, we demonstrated that in two different genetically-engineered mouse models of trastuzumab resistance (mammary gland-specific ErbB2/ neu transgenic and PTEN knockout), an Akt inhibitor (triciribine) synergizes with trastuzumab in tumor inhibition [13] . Targeting the PI3K pathway in combination with trastuzumab has also been reported to overcome trastuzumab resistance in other models [15] . Although initially successful, these combinatorial regimens rapidly develop resistance and are often too toxic for clinical usage [16] . Therefore, innovative strategies of applying targeted agents with high efficacy but low toxicity are crucial in tackling the challenge.
Here, we developed and experimentally tested a novel strategy of employing targeted agents for potentially highly effective clinical cancer therapy: using arising biomarkers in an ErbB2-overexpressing cancer evolving therapy resistance to guide subsequent applications of various combinatorial targeted therapies in a sequential manner to inhibit the constantly changing resistant signals in the cancer during targeted therapies. We report that this strategy of sequential application of various combinatorial targeted therapies reprogrammed the signaling networks in cancer evolving therapy resistance and yielded cancer vulnerabilities compared to using all targeted agents at once. Remarkably, this fundamentally novel approach doubled the survival time of mice bearing highly aggressive, therapy-refractory ErbB2-overexpressing tumors. It is anticipated that this strategy can be rapidly translated into the clinic to benefit cancer patients who have highly aggressive and therapy-resistant tumors.
Results

Biomarker analyses denote activation of multiple ErbB2 downstream pathways in PTEN-low/trastuzumab-resistant tumors that are inhibited by lapatinib
To explore novel strategies of employing targeted agents for highly effective cancer therapy that reverse resistance and reduce toxicity, we focused on HER2/ ErbB2-overexpressing breast cancers. We previously found that PTEN loss confers resistance to trastuzumab in patients with ErbB2-overexpressing breast cancers [9] . Therefore, we initially compared the gene expression profiles and analyzed signaling events in breast cancers from PTEN-low/trastuzumab-resistant versus PTENnormal/trastuzumab-sensitive patients who had neoadjuvant trastuzumab plus chemotherapy treatment ( Figure  1A ) [17] . First, we identified the differentially expressed genes from cDNA microarray of the fine-needle aspiration specimens between these two groups (Supplementary information, Table S1 ) [17] , and then determined the pathways in which these genes are enriched using Ingenuity Pathway Analysis (IPA) ( Figure 1B and Supplementary information, Table S2 ). As expected, the PI3K pathway signature was significantly increased in PTENlow/trastuzumab-resistant tumors. Additionally, we identified multiple pathways (e.g., MAPK, and p70S6K) significantly activated in PTEN-low/trastuzumab-resistant tumors (P < 0.05). Interestingly, we also observed a clear trend for increased expressions of EGF and ErbB2-ErbB3 signaling in this small cohort of PTEN-low/trastuzumab-resistant patients ( Figure 1B) .
We next examined whether these signatures detected in patients can be recapitulated in PTEN loss-mediated trastuzumab-resistant mouse models to be used for preclinical testing of new strategies of targeted therapies. We crossed HER2/neu-overexpressing (MMTV-neu-IRES-cre, or NIC) mice with PTEN fl/fl mice (PTEN −/− / NIC), which developed highly aggressive neu-overexpressing/PTEN-deficient and trastuzumab-resistant mammary tumors with median survival of 45 days [13] . We applied a quantitative proteomics approach of reverse phase protein array (RPPA, containing > 150 antibodies) [18] on lysates of mammary tumors from the PTEN −/− / NIC mice and compared it to the PTEN +/+ /NIC (PTEN wild type) tumors. As with patient tumors, tumors of the PTEN −/− /NIC mice had activation of not only the PI3K Figure  1C ) [19] . Significantly, combination of lapatinib with Ab7.16.4 inhibited the Akt, S6 and Erk1/2 phosphorylation more effectively than lapatinib alone. We also tested whether lapatinib inhibits the proliferation of an ErbB2-overexpressing BT474 human breast cancer cell line with stable PTEN knockdown (BT474.shPTEN), which is trastuzumab resistant [14] . As in the mouse model, lapatinib inhibited the BT474.shPTEN cell growth, and the combination of trastuzumab with lapatinib is more effective than lapatinib alone ( Figure 1D ). Importantly, lapatinib significantly increased survival of the Ab7.16.4-resistant PTEN −/− /NIC mice (P < 0.001), and lapatinib plus Ab7.16.4 further increased the survival of these mice than lapatinib alone (P = 0.008) ( Figure  1E ). Lapatinib alone or combination treatment reduced tumor weight after three weeks of treatment compared to vehicle or Ab7.16.4 ( Figure 1F ). Furthermore, lapatinib alone or combination treatment dramatically inhibited cell proliferation ( Figure 1G ), without affecting apoptosis of tumors in PTEN −/− /NIC mice (Supplementary information, Figure S2 ). Taken together, our biomarker analyses indicated that 1) PTEN loss leads to activation of multiple ErbB2 downstream pathways in PTEN-low/ trastuzumab-resistant patient tumors and in PTEN −/− /NIC mouse mammary tumors with conferring trastuzumab resistance; 2) the use of lapatinib, alone or in combination with trastuzumab, targets these ErbB signaling events and overcomes PTEN loss-mediated trastuzumab resistance.
Activation of PI3K/mTOR pathways in tumors resistant to Ab7.16.4 + lapatinib combination
Although lapatinib was a rational choice with efficacy in treating PTEN-low/trastuzumab-resistant tumors based on the biomarker analysis ( Figure 1 ), lapatinib in combination with trastuzumab provides only 4.5 months of survival advantage [20] , which is also reflected by the tumor relapse in PTEN −/− /NIC mice ( Figure 1E ). Therefore, we next aimed to identify biomarkers of resistance to lapatinib + trastuzumab treatment and test therapies to effectively overcome the resistance. To this end, we employed a tumor transplantation model by transplanting mammary tumors from the PTEN Figure S3D ). Accordingly, we classified transplants into sensitive and resistant groups based on tumor volume change. We performed RPPA to compare tumor biomarkers in these two groups and the control-treated group. Clearly, Ab7.16.4 + lapatinib-sensitive tumors had reduced levels of p-AKT, p-PRAS40, p-mTOR, p-S6 and p-4EBP compared to the control group ( Figure 2B and Supplementary information, Table S3 ). However, in Ab7.16.4 + lapatinibresistant tumors, phosphorylation levels of all these proteins were similar to, or higher than, those in the control group, indicating that PI3K and downstream mTOR pathways remained active in resistant tumors. The RPPA data were further validated by western blots in tumor lysates from additional mice ( 
The mTOR pathway is upregulated in lapatinib-resistant patient tumors and activated in lapatinib-resistant human breast cancer cells
To test the clinical relevance of our findings from transplant models, we obtained patient tumor mRNAs isolated before and after 6 weeks of neoadjuvant single agent lapatinib treatment and examined their gene expression profiles [21] ( Figure 2D ). The pathological response to treatment was evaluated after subsequent treatment with trastuzumab and docetaxel for 12 weeks and grouped into pathological complete response or nearcomplete response (pCR/pNCR) versus non-responders (NRs). After identifying differentially expressed genes between these two groups, we examined whether PI3K or mTOR pathway gene signatures were increased in the NR group. Gene set enrichment analysis (GSEA) [22] revealed that tumors of NR patients had a significant downregulation of genes which were upregulated upon mTOR inhibition by everolimus (RAD001) [23] ( Figure  2E ). This suggests that the mTOR gene signature is upregulated in resistant tumors of patients and may play an important role in lapatinib + trastuzumab resistance, similar to that observed in the transplant model ( Figure 2B and 2C). To test whether the mTOR pathway is activated in lapatinib + trastuzumab-resistant human breast cancer cells, we selected lapatinib-resistant BT474 human breast cancer cell line (BT474.LapR) by continuous exposure of BT474 cells to lapatinib over 9 months. These BT474. LapR cells are also highly resistant to trastuzumab (Supplementary information, Figure S3G ). We treated the cells with lapatinib for 1, 2, and 3 days and analyzed PI3K/mTOR pathway activation by western blot. Indeed, the lapatinib + trastuzumab-resistant BT474.LapR cell line showed a higher and sustained phosphorylation of Akt and S6 compared to the parental line (BT474.Par) ( Figure 2F ). Taken together, these data indicate that PI3K and/or its downstream mTOR pathway is activated in lapatinib + trastuzumab-resistant human breast cancers and cell lines, further supporting our findings from Ab7.16.4 + lapatinib-resistant transplant models and demonstrating their human pathological relevance.
Sequential application of Ab7.16.4 + BEZ235 following Ab7.16.4 + lapatinib is effective in reversing Ab7.16.4 + lapatinib resistance
Guided by the above finding that PI3K/mTOR pathway is activated in lapatinib + trastuzumab-resistant breast cancers and Ab7.16.4 + lapatinib-resistant transplant tumors, we tested whether PI3K/mTOR inhibitors are effective in overcoming resistance. We first isolated mammary tumor cells from two PTEN Figure 4A and 4B) . Notably, the resistant tumors had increased + cells compared to sensitive ones ( Figure 4C ). Then, we examined the PI3K/mTOR and ERK1/2 pathway activities in resistant versus sensitive tumors. Phosphorylation of Akt (S473), S6 (S235/236 and S240/244) and ERK1/2 (T202/Y204) was higher in resistant tumors compared to that in the sensitive ones ( Figure 4D ). Interestingly, p-Akt T308 and p-4EBP1 were not significantly different between resistant and sensitive tumors ( Figure 4D ). The activation of multiple key signaling pathways led us to hypothesize that an upstream RTK could be involved in their activation and contribute to the resistance. Thus, we performed a phospho-RTK array to simultaneously detect the phosphorylation of 39 different mouse RTKs in tumor protein lysates. Remarkably, the only RTK with increased phosphorylation in resistant versus sensitive tumors was ErbB2/neu ( Figure 4E ). To verify the upregulation of ErbB2 phosphorylation and to test ErbB2 expression, we expanded our analyses of the ErbB2/p-ErbB2 levels in multiple A + L/A + B sequential treatment-resistant versus -sensitive mammary tumors using western blot. Indeed, both the expression and phosphorylation of ErbB2/ neu were increased in dual sequential treatment-resistant Figure 5A ). Immunofluorescence staining also revealed that lapatinib + trastuzumab reduced ErbB2 phosphorylation, but BEZ235 + trastuzumab led to increased ErbB2 phosphorylation despite effective inhibition of acinar proliferation ( Figure 5B and Supplementary information, Figure S5B ). Notably, ERBB2 mRNA level was not significantly increased in response to BEZ235 or BEZ235 + trastuzumab treatment in 3-D cultured BT474.LapR cells (Supplementary information, Figure S5C ). To investigate how BEZ235 or BEZ235 + trastuzumab treatment increases ErbB2 protein level, we initially treated the BT474.LapR cells with DMSO or BEZ235 for a week in 3-D culture, then treated cells with cycloheximide (CHX) to block protein synthesis for different times up to 24 h and detected ErbB2 protein levels by western blot. ErbB2 protein decreased after 6 h of CHX treatment in DMSOtreated BT474.LapR cells, while it did not decrease after almost 24 h under CHX treatment in BEZ235-treated BT474.LapR cells ( Figure 5C and 5D ). ErbB2 phosphorylation had a similar pattern. Consistent with the transplant tumor RTK array data, the EGFR protein was similarly degraded in both DMSO-and BEZ235-treated BT474.LapR cells although EGFR phosphorylation was stable with BEZ235 treatment due to increased ErbB2 ( Figure 5C ). These data suggest that BEZ235 treatment specifically stabilizes ErbB2, leading to its increased phosphorylation and activation. Altogether, these data suggest that BEZ235 treatment-mediated ErbB2 protein stability and activation leads to the activation of multiple ErbB2 downstream pathways, thus conferring resistance to Ab + lapatinib/Ab + BEZ235 sequential treatment.
Marker-guided sequential treatment with A + L/A + B/A + B + L doubles the life-span of PTEN
−/−
/NIC mice bearing rapidly evolving aggressive mammary tumors
As ErbB2 expression and phosphorylation were increased in tumors resistant to Ab + lapatinib/Ab + BEZ235 dual sequential treatment, we next decided to add lapatinib, which inhibits ErbB2 kinase activity, back into the Ab + BEZ235 regimen to test whether the triple combination may overcome the resistance to sequential Ab + lapatinib/Ab + BEZ235 treatment. Figure 5E ). In both primary cells, although BEZ235 or Ab + BEZ treatment inhibited phosphorylation of S6 and 4EBP1 to a certain extent, Akt phosphorylation was not inhibited ( Figure 5F ). Furthermore, Erk1/2 phosphorylation, downstream of ErbB2, was increased upon BEZ235 treatment. Remarkably, combinatorial application of BEZ235 + lapatinib blocked Akt, S6, 4EBP1 and ERK1/2 signaling downstream of ErbB2 ( Figure  5F ). These results prompted us to apply the combination of Ab7.16.4, BEZ235, and lapatinib (A + B + L) in transplants resistant to Ab + lapatinib and Ab + BEZ235 sequential treatment. The A + B + L triple combination treatment effectively reduced tumor volume ( Figure 6A and 6B) not only by inhibiting cell proliferation ( Figure  6C ), but also by increasing apoptosis ( Figure 6D ). We then tested the PI3K/mTOR and ERK1/2 pathway sta- Figure 6F ) and substantially reduced tumor size and multiplicity ( Figure 6G ). We also tested whether sequential treatment was superior to treatment with Ab7.16.4 + lapatinib + BEZ235 from the beginning (see Figure 6F , "A + L + B"). Sequential treatment showed a trend towards superior survival compared to A + L + B (P = 0.067; median survival 84.5 versus 98 days). Notably, two mice in the A + L + B triple combination had to be sacrificed around day 40 ( Figure 6F ) due to severe toxic responses including significant weight loss ( Figure 7A and 7B). Thus sequential treatment maximized survival while minimizing toxicity compared to all other treatments tested ( Figure 7C ). Taken together, these data clearly demonstrate that biomarker-guided, sequential application of targeted therapies can effectively target and reprogram the signaling networks in cancer evolving resistance, create cancer vulnerabilities, and substantially increase the survival of mice bearing highly aggressive therapy-refractory tumors.
Discussion
In the current metastatic or late-stage therapy settings even the most successful targeted agents can only prolong the survival of patients for a limited time. De novo or acquired resistance to therapies as well as overtreatment due to lack of robust biomarkers are the main problems associated with treatment failure. Trastuzumab, the mainstay therapy for ErbB2-positive patients, has an initial clinical response in only 12%-34% of patients, and the majority of these patients acquire resistance to the drug within one year [24] . Therefore, there is an urgent need for identification of biomarkers to choose patients with higher potential of response and novel targets to reverse resistance. Here, we designed a sequential targeted therapy strategy guided by identification of resistance mechanisms and resulting biomarkers. We tested the strategy in a highly aggressive trastuzumabresistant transgenic animal model, ErbB2-overexpressing human breast cancer and primary culture mouse tumor cells. Here, we demonstrated that the biomarker-guided, sequential application of different targeted therapy combinations effectively targets the signaling networks in cancer evolving therapy resistance to better inhibit tumor progression than using a single targeted therapy combination throughout the course of the treatment.
The role of PTEN loss and the resulting activation of PI3K/Akt pathway has been well characterized in de novo resistance of breast cancer cells to trastuzumab [9, 10] . However, PTEN's role in lapatinib resistance has been controversial. Loss of PTEN in BT474 cells by shRNAs was shown to lead to lapatinib resistance both in vitro and in vivo [25] . Similarly, activation of PI3K signaling resulting from PTEN loss or PI3K mutations has been reported for both trastuzumab and lapatinib resistance in patients [26] . On the other hand, the response to lapatinib of ErbB2-overexpressing PTEN-knockdown BT474 and AU565 cell lines, and of patients with inflammatory breast cancers is independent of PTEN status [27] . Interestingly, low PTEN level was associated with a higher pathological response to lapatinib in breast cancer patients [21] . Our study clearly demonstrates that PTEN loss does not confer lapatinib resistance in the PTEN Figure 1E ). Rather, when combined with trastuzumab, lapatinib increased the survival of mice by reducing the proliferation of cancer cells ( Figure 1E-1G ). Our data also showed that although PTEN loss confers de novo trastuzumab resistance, trastuzumab + lapatinib are more effective in tumor inhibition than lapatinib alone, indicating that trastuzumab should still be used with lapatinib to treat patients with PTEN-low tumors. Recently, a clinical study similarly found that lapatinib combined with trastuzumab was more effective (4.5 months overall survival advantage) than lapatinib alone for patients who had progressive disease on trastuzumab treatment [20] .
Our study shows that development of resistance to lapatinib involved the activation of the PI3K and mTOR pathways in the PTEN −/− /NIC mouse model, the human BT474.LapR cell lines with acquired resistance, and importantly, also in breast cancer patients treated with lapatinib. Several studies have indicated the role of the PI3K and/or mTOR pathways in acquired lapatinib resistance and have suggested using PI3K or mTOR inhibitors in combination with lapatinib [25, 28] . However, these studies tested the combination either in cell culture or in xenograft models without considering toxicity, which is often a major obstacle in successful translation to the clinic. For example, combinatorial inhibition of PI3K and MAPK pathways in various advanced tumors led to better efficacy but higher toxicity compared to individual treatments [16] . Similarly, combinatorial treatment of mice bearing ovarian tumor xenografts with GNE493 (mTOR inhibitor) and ABT-737 (Bcl-2 inhibitor) led to 5% to 20% loss of body weight after 7 days of treatment [29] . We observed that triple combination treatment of Ab7.16.4 + BEZ235 + lapatinib for 10 days induced up to 20% loss of body weight and rough coat in some of the PTEN −/− /NIC mice ( Figure 7A and 7B). However, sequential treatment of Ab7.16.4 + lapatinib for 10 days followed by Ab7.16.4 + BEZ235 for another 10 days did not induce significant weight loss. Clearly, sequential application of various targeted therapies may be a better strategy to manage both tumor growth and side-effects than simultaneous application of all drugs in the course of treatment. Accordingly, our strategy was to first apply Ab7.16.4 + lapatinib, then Ab7.16.4 + BEZ235, and finally Ab7.16.4 + BEZ235 + lapatinib only after PTEN −/− / NIC tumors developed resistance to Ab7.16.4 + BEZ235 for maximum tumor inhibition and minimum toxicity. Additionally, this sequential therapy can also generate cancer vulnerabilities to be effectively targeted with the subsequent agent. Supporting this idea, it was recently shown that sequential, but not simultaneous, application of an EGFR inhibitor and chemotherapy led to apoptosis of triple negative breast cancer cell lines by rewiring the DNA damage network resulting in activation of Caspase-8 in vitro [30] . Similarly, in our study, we showed for the first time that Ab7.16.4 + lapatinib combination reprogrammed the cancer cell signaling network and led to activation of the PI3K/mTOR pathway, which was successfully inhibited by subsequent application of Ab7. 16 
.4 + BEZ235 in vivo.
Little is known about the mechanisms of resistance to BEZ235 treatment. Recently, two studies suggested the involvement of the MYC oncogene, which is downstream of the PI3K/mTOR pathway [31] . First, an unbiased screen showed that MYC conferred resistance to BEZ235 in the human mammary epithelial cell (HMEC) line MCF-10A, and that BEZ235-resistant human cell lines had higher c-MYC gene copy number compared to their sensitive counterparts [32] . Second, MYC and eIF4E amplification was identified in BEZ235-resistant HMECs in addition to genome-wide copy number alteration [33] . Here, we did not observe any change in MYC mRNA level in our BT474.Par or lapatinib-resistant BT474.Lap. R cells upon long-term BEZ235 treatment (Supplementary information, Figure S6A ). c-Myc protein was also not increased after long-term treatment with BEZ235 in BT474 LapR cells (Supplementary information, Figure  S6B ). Rather, we observed a consistent increase in ErbB2 expression and phosphorylation in both mice and human breast cancer cells grown in 3-D culture with sequential lapatinib and BEZ235 treatment. The increase in ErbB2 phosphorylation led to an increase in downstream activation of Erk1/2, Akt and S6 which provided signals necessary for survival and proliferation of the cancer cells. As BEZ235 stabilizes ErbB2 and leads to its activation, the combination of ErbB2-targeting agents and BEZ235 reduced the phosphorylation of ErbB2 and downstream kinases and led to an increase in apoptosis and a decrease in cell proliferation at the expense of higher toxicity. Our findings bring novel insights into the mechanisms of BEZ235 resistance that may guide future development of strategies to reverse the resistance without increasing toxicity.
In conclusion, we propose a novel strategy of using biomarkers in cancer evolving therapy resistance to guide the application of various targeted therapies in a sequential manner, instead of simultaneously, to induce cancer vulnerability and effectively block tumor progression. We have validated this rational approach in multiple animal models and by using patient data. Our data demonstrate that sequential application of lapatinib and BEZ235 in combination with trastuzumab led to a doubling of the life-span of PTEN −/− /NIC mice bearing highly aggressive, treatment-refractory mammary tumors. Importantly, the mouse model that we used (PTEN −/− /NIC) reflects the intratumoral heterogeneity of breast cancer as PTEN loss is highly heterogeneous (determined by IHC), indicating that some parts of the tumor may be primarily driven by ErbB2/neu while others are driven by PTEN loss as well (Supplementary information, Figure S7 ). Similar heterogeneity has also been reported in other GEM models [34, 35] . Additionally, our experimental approach of testing drugs in a time-efficient and robust manner using transplantation in immune-competent mice could be utilized for setting up synchronous mouse co-clinical trials to www.cell-research.com | Cell Research Ozgur Sahin et al. 557
npg study the resistance mechanisms of patients in real time, similar to the elegant work done in lung cancer in which the mouse trial was used to predict the outcome of an on-going human clinical trial [36] . Notably, our findings may potentially change the current clinical management of patients having highly aggressive ErbB2-overexpressing trastuzumab-resistant breast cancers as the targeted therapies used in our study are either FDA approved or in clinical trials. More importantly, this strategy of using biomarker-guided, sequential, combinatorial targeted therapies in rapidly evolving tumors can also be rapidly translated into the clinic for patients with other cancer types receiving different targeted therapies to significantly reduce cancer deaths.
Materials and Methods
Transgenic animal model and syngeneic tumor transplantation
MMTV-NIC (Neu-IRES-Cre) mice [37] were interbred with Flox-PTEN mice to generate HER2/neu-overexpressing PTEN homozygous loss (PTEN −/− /NIC) mice [12] . For tumor transplantation, the donor PTEN −/− /NIC tumors were cut into quasi-equal pieces of 3-5 mm in diameter after sacrificing donor mice. Recipient FVB mice were anesthetized, the skin was incised and donor tumors were transplanted into both left and right MFP of the recipient mice. Incisions were closed using wound clips which were removed after 7 days. Tumor size was measured 3-5 days later and treatment was started when tumors reached 4-5 mm. Tumors were measured using calipers and volume was calculated as length × width 2 /2. Tumor volume fold changes were calculated by taking the ratio of most recent measurements to previous measurements for the same tumor. All tumor measurements were included in the analysis. All animal studies were approved by the MD Anderson Cancer Center Institutional Animal Care and Use Committee.
Animal treatment
mAb7.16.4 hybridoma was a kind gift from Dr Mark Greene. PTEN −/− /NIC mice were randomized to treatment groups when the first palpable tumor was 3-5 mm in diameter. 7.16.4 mAb was administered intraperitoneally at 2 mg/kg body weight every 3 days in PBS as described previously [13] . We treated the original donor mice with lapatinib (LC Laboratories, Woburn, MA, USA) or BEZ235 (Novartis, Basel, Switzerland) daily at 100 mg/kg or 50 mg/kg, respectively, in vehicle (0.5% wt/vol hydroxypropylmethylcellulose with 0.1% vol/vol Tween 20) via daily oral gavage. Mice were sacrificed either after treatment for 3 weeks or when the tumor size reached the institutional euthanasia criteria, and tumors were harvested and weighed.
Cell culture and primary cell preparation BT474 m1 cells were a gift from Dr Dajun Yang. Lapatinibresistant cells were established by exposure of the cells to 2.1 µM lapatinib for > 9 months. BT474.shPTEN cells were described previously [14] . Primary cells from mice were prepared by incubating minced tissue in growth medium containing collagenase A (Roche, Mannheim, Germany) and hyaluronidase (Sigma, St Louis, MO, USA) for 6 h at 37 °C with continuous mixing. After centrifugation and removal of debris and blood cells, cells were plated and grown for 48 h. These cells were then used for viability and western blot assays without further passaging.
In vitro drug treatment and cell viability assay
Primary mouse cells or human BT474.LapR or BT474.shPTEN cells were seeded in 96-well plates 24 h before the assay. After treatment of the cells with trastuzumab (2 µg/ml), Ab7.16.4 (5 µg/ ml for mouse primary cells), lapatinib (1 µM), BEZ235 (500 nM), GDC-0941 (1 µM) or RAD001 (50 nM) for 72 h, cells were incubated with 20 µl of WST-1 (Roche, Penzberg, Germany) in 200 µl of final volume for 4 h. Absorbance at 450 nm was measured and percentage of viability was calculated.
3-D morphogenesis assay
BT474.Par and BT474.LapR cells were seeded into 8-chamber slides (BD Biosciences, San Jose, CA, USA) coated with 40 µl of growth factor-reduced matrigel (BD Biosciences). 3-D structures were fixed and stained as previously described [38] . For mRNA or protein analysis, cells were seeded in 2% Matrigel into 60-mm dishes coated with 4 ml of polyHEMA (Sigma, St Louis, MO, USA).
Protein stability sssay
BT474.LapR cells were grown in 3-D culture under DMSO or BEZ235 treatment over a week, and CHX (5 µg/ml; Calbiochem) was given for 0, 2, 4, 6, 12 or 24 h followed by western blot analysis.
Western blot and immunoprecipitation
Tumor protein extracts were prepared by homogenizing samples in tissue lysis buffer (10 mmol/l sodium phosphate (pH 7.3), 154 mmol/l NaCl, 5% sodium deoxycholate, 1% SDS) using a tissue grinder, followed by centrifugation. Western blot was done as previously described [14, 39] . List of antibodies used in this study is given in Supplementary information, Table S4 .
RPPA and p-RTK array
Protein lysate for RPPA was prepared according to MD Anderson RPPA Core instructions (available online) and run by the Core. Quantification of mouse phospho RTK arrays (ARY014, R&D, Minneapolis, MN, USA) was done with ImageJ (National Institutes of Health).
RNA extraction and quantitative real-time RT-PCR
RNA was isolated using Trizol (Invitrogen) and reverse transcribed with iScript TM cDNA synthesis kit (Biorad, Hercules, CA, USA). qRT-PCR was performed with iQ SYBR Green Supermix (Biorad, Hercules, CA) and StepOnePlus (Applied Biosystems, Grand Island, NY, USA) instrument. The genes analyzed were ERBB2, MYC and 18S (used as housekeeping control). Primer sequences were: ERBB2_forw_5′-GGGAAACCTGGAACTCACCT-3′ and E R B B 2 _ r e v _ 5 ′ -C C C T G C A C C T C C T G G ATA -3 ′ ; M Y C _ forw_5′-CCTGGTCAAGAAGCATTTCAA-3′ and MYC_ rev_5′-GCCCCAAAGATGAGGAGTATC-3′; and 18S_ forw_5′-AACCCGTTGAACCCCATT-3′ and 18S_rev_5′-CCATCCAATCGGTAGTAGCG-3′. Data were analyzed with the 
Microarray data analysis of patient tumors
Neoadjuvant trastuzumab + chemotherapy (n = 45) patient gene expression data [17] were classified into two groups: trastuzumabsensitive/high PTEN (n = 7) and trastuzumab-resistant/low PTEN (n = 7) according to their pathological response and PTEN mRNA expression. Differentially expressed genes with fold change > 2 were analyzed by IPA of canonical pathways. Pre-and postlapatinib treatment gene expression data from 13 patients (nine responders) [21] were analyzed by GSEA [22] .
Immunohistochemistry and TUNEL staining
IHC and TUNEL staining were performed as described previously [13] using antibodies for p-Akt (1:400), Ki-67 (DAKO, 1:200), p-S6 (1:400), and p-Erk (1:200).
Statistical analyses
Statistical differences were determined by 2-tailed t-test, oneway ANOVA or log-rank test. The GraphPad Prism 6 Program (GraphPad Software, La Jolla, CA, USA) was used to perform all statistical analyses. P < 0.05 was considered statistically significant.
